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ABSTRACT 
Dynamic f i n i t e  e lement  a n a l y s i s  o f  a r e a l  gea r  h o u s i n g  i s  p r e s e n t e d .  The 
a n a l y s i s  was conduc ted  f o r  t h e  h o u s i n g  w i t h o u t  t h e  r o t a t i n g  components ( g e a r s ,  
s h a f t s ,  and b e a r i n g s ) .  B o t h  r i g i d  and f l e x i b l e  m o u n t i n g  c o n d i t i o n s  f o r  t h e  
gear  h o u s i n g  a r e  c o n s i d e r e d  i n  t h i s  a n a l y s i s .  The f l e x i b l e  s u p p o r t  s i m u l a t e s  
t h e  r e a l i s t i c  moun t ing  c o n d i t i o n  on  a r o t o r c r a f t ,  and t h e  r i g i d  one i s  ana- 
l y z e d  f o r  compar i son  pu rposes .  The e f f e c t  o f  gear  h o u s i n g  s t i f f e n e r s  i s  a l s o  
e v a l u a t e d .  The r e s u l t s  i n d i c a t e  t h a t  t h e  f i rst s i x  n a t u r a l  modes o f  t h e  f l e x i -  
b l y  mounted g e a r  h o u s i n g  i n  t h e  0 t o  200 Hz range  c o r r e s p o n d  t o  t h e  t r a n s l a -  
t i o n a l  and r o t a t i o n a l  r i g i d  body v i b r a t i o n  modes o f  t h e  h o u s i n g .  Above t h i s  
r i g i d  mount, o n l y  t h e  h o u s i n g  p l a t e  e l a s t i c  modes a r e  o b s e r v e d  w h i c h  a r e  v e r i -  
f i e d  by  modal a n a l y s i s  e x p e r i m e n t s .  P a r a m e t r i c  s t u d i e s  show t h a t  t h e  h o u s i n g  
p l a t e  s t i f f e n e r s  and r i g i d  mounts t e n d  t o  i n c r e a s e  most o f  t h e  n a t u r a l  f r e q u e n -  






W range ,  t h e  h o u s i n g  p l a t e  e l a s t i c  modes b e g i n  t o  o c c u r .  I n  t h e  case o f  t h e  
INTRODUCTION 
Gear n o i s e  and v i b r a t i o n  i s  a m a j o r  p r o b l e m  i n  many power t r a n s m i s s i o n  
a p p l i c a t i o n s  as i s  e v i d e n t  from t h e  l i t e r a t u r e  ( r e f s .  1 t o  8 ) .  T h i s  p r o b l e m  
becomes more s i g n i f i c a n t  i n  a p p l i c a t i o n s  w i t h  h i g h e r  o p e r a t i n g  s p e e d s  w h e r e  t h e  
v i b r a t o r y  e x c i t a t i o n ,  wh ich  i s  r e l a t e d  t o  t h e  gear  t r a n s m i s s i o n  e r r o r  ( r e f s .  7 ,  
and 9 t o  l l ) ,  o c c u r s  a t  f r e q u e n c i e s  i n  t h e  o r d e r  o f  s e v e r a l  k i l o h e r t z .  Most 
of t h i s  v i b r a t o r y  ene rgy  g e n e r a t e d  a t  t h e  g e a r s  i s  t r a n s m i t t e d  t o  t h e  h o u s i n g  
and a t t a c h e d  s t r u c t u r e s  t h r o u g h  t h e  s t r u c t u r e - b o r n e  p a t h s  i n v o l v i n g  t h e  
s h a f t s ,  b e a r i n g s ,  and mounts ( r e f s .  4, 5 ,  7 and 1 2 ) .  I n  r o t o r c r a f t  a p p l i c a -  
t i o n s  t h e  v i b r a t o r y  ene rgy  t r a n s m i t t e d  from t h e  gears  t o  t h e  a i r c r a f t  s t r u c -  
t u r e  r e s u l t s  i n  a h i g h  l e v e l  o f  c a b i n  n o i s e .  Hence, a fundamenta l  knowledge 
of t h e  dynamic b e h a v i o r  o f  a gearbox  and i t s  s u p p o r t i n g  s t r u c t u r e  i s  e s s e n t i a l  
i n  t h e  o v e r a l l  g o a l  o f  r e d u c i n g  gear  i n i t i a t e d  v i b r a t i o n  p rob lems .  
I n  t h i s  s t u d y ,  t h e  dynamic p r o p e r t i e s  o f  a r e a l  gea r  h o u s i n g  a r e  p r e -  
d i c t e d  u s i n g  t h e  f i n i t e  e lemen t  method (FEM)  and v e r i f i e d  u s i n g  e x p e r i m e n t a l  
modal a n a l y s i s  ( E M A ) .  The f i n i t e  e lemen t  p rog ram ANSYS ( r e f .  13)  was used t o  
c a l c u l a t e  t h e  n a t u r a l  f r e q u e n c i e s  and modes o f  a r e a l  gea r  h o u s i n g  and mounts 
w i t h o u t  t h e  g e a r s ,  s h a f t s  and b e a r i n g s .  A d e s c r i p t i o n  o f  t h e  a c t u a l  gearbox  
and t h e  FEM model used t o  model i t  a r e  g i v e n .  R e s u l t s  o f  t h e  FEM a n a l y s i s  as 
compared t o  t h e  e x p e r i m e n t a l  modal a n a l y s i s  r e s u l t s  f o r  t h e  r i g i d l y  mounted 
s t i f f e n e d  gearbox case a r e  a l s o  p r e s e n t e d .  F i n a l l y ,  r e s u l t s  a r e  g i v e n  on  t h e  
e f f e c t s  of t h e  mounts and s t i f f e n e r s  on  t h e  dynamics o f  t h e  h o u s i n g ,  as 
p r e d i c t e d  by  t h e  FEM model .  
F I N I T E  ELEMENT MODEL 
The FEM model was c o n s t r u c t e d  t o  s i m u l a t e  t h e  e x p e r i m e n t a l  gearbox  a t  
NASA Lewis  Research C e n t e r .  The s i m u l a t e d  gearbox ,  as shown i n  f i g u r e  1 ,  i s  
a p p r o x i m a t e l y  0 .254 by  0.279 by  0 .330  m (10.0 by  11.0 by 13 .0  i n . ) ,  and a l l  o f  
i t s  p l a t e s  a r e  0.006 m ( 0 . 2 5  i n . )  t h i c k  made o f  1020 s t e e l .  The r e g i o n s  n e a r  
t h e  b e a r i n g s  a r e  0.025 m (1 .0  i n . )  t h i c k .  There  a r e  f o u r  c i r c u l a r  h o l e s  f o r  
t h e  b e a r i n g s ,  two a t  each s i d e  p l a t e  s u p p o r t i n g  t h e  s h a f t s .  F i g u r e  2 i l l u s -  
t r a t e s  t h e  0 .254  m (10.0 i n . )  t a l l  f l e x i b l e  mount f rame wh ich  i s  c o n s t r u c t e d  
from e i g h t  0 .006  m (0 .25  i n . )  t h i c k ,  1020 s t e e l  a n g l e  beams. The f u s e l a g e  
shee t  i s  a 0 .006  m (0 .25  i n . )  t h i c k  a luminum p l a t e  o f  d imens ions  0 .762 b y  
0 . 6 6 0  m (30.0 b y  26 .0  i n . ) ,  and i s  a t t a c h e d  h o r i z o n t a l l y  t o  t h e  f l e x i b l e  mount 
s t r u c t u r e .  The h o u s i n g  i s  s u p p o r t e d  a t  each c o r n e r  o f  t h e  base p l a t e  f o r  a l l  
moun t ing  c o n d i t i o n s ,  and t h e  mounts a r e  a t t a c h e d  t o  a r i g i d  f o u n d a t i o n .  
The FEM models  o f  t h e  r e c t a n g u l a r  gearbox  w i t h  t h e  g e a r s ,  s h a f t s ,  and 
b e a r i n g s  removed a r e  shown i n  f i g u r e  3 f o r  t h e  r i g i d l y  and f l e x i b l y  mounted 
h o u s i n g s .  These FEM models  c o n s i s t  o f  fou r -noded  q u a d r i l a t e r a l  p l a t e  e lemen ts  
w i t h  b e n d i n g  and membrane c a p a b i l i t i e s  f o r  t h e  h o u s i n g  and f u s e l a g e  a t t a c h e d ,  
and two-noded beam e lemen ts  w i t h  shear  d e f o r m a t i o n  and r o t a r y  i n e r t i a  c a p a b i l i -  
t i e s  f o r  t h e  f l e x i b l e  mount s k e l e t o n  and h o u s i n g  p l a t e  s t i f f e n e r s .  The 
boundary  c o n d i t i o n s  a r e :  ( 1 )  z e r o  d i s p l a c e m e n t s  and r o t a t i o n s  a t  each c o r n e r  
o f  t h e  base p l a t e  f o r  t h e  r i g i d  mount and ( 2 )  s i m i l a r  c o n d i t i o n s  a t  each foo t  
o f  t h e  f l e x i b l e  mount .  The i n t e r f a c e  between a d j a c e n t  h o u s i n g  p l a t e s  a r e  
assumed t o  be c o n t i n u o u s .  About  100 dynamic degrees  o f  f reedom a r e  s p e c i f i e d  
t o  m i n i m i z e  c o m p u t a t i o n a l  e f f o r t  w h i l e  s t i l l  m a i n t a i n i n g  s u f f i c i e n t  a c c u r a c y .  
N a t u r a l  f r e q u e n c i e s  a r e  e x t r a c t e d  up t o  a t  l e a s t  4 kHz t o  i n c l u d e  t h e  gear  
mesh f r e q u e n c y  reg ime .  
E X P E R I M E N T S  AND MODEL VALIDATION 
Modal e x p e r i m e n t s  were p e r f o r m e d  on  t h e  NASA h i g h  p r e c i s i o n  gearbox  w i t h  
t h e  g e a r s ,  s h a f t s ,  and b a l l  b e a r i n g s  i n s t a l l e d .  An a p p r o x i m a t e  c o n f i g u r a t i o n  
o f  t h e  NASA gearbox  i s  shown i n  f i g u r e  4 .  The nomina l  d imens ions  o f  t h e  gear  
h o u s i n g  have been g i v e n  i n  t h e  p r e v i o u s  s e c t i o n .  The v a r i a b l e  c e n t e r  d i s t a n c e  
g e a r - s h a f t  p a i r  i s  s u p p o r t e d  by  f o u r  b a l l  b e a r i n g s .  The f o u r  s i d e  p l a t e s  and 
base p l a t e  a r e  welded t o g e t h e r ,  w h i l e  t h e  t o p  p l a t e  i s  b o l t e d  t o  t h e  s i d e  
p l a t e s .  The h o u s i n g  p l a t e s  a r e  s t i f f e n e d  i n t e r n a l l y ,  and t h e  gear  h o u s i n g  sys- 
tem i s  mounted r i g i d l y  t o  a mass ive  f o u n d a t i o n .  Dynamic t r a n s f e r  f u n c t i o n s  
w e r e  o b t a i n e d  o n l y  on  t h e  e x t e r i o r  o f  t h e  gear  h o u s i n g  s t r u c t u r e  u s i n g  a two 
channe l  dynamic s i g n a l  a n a l y z e r .  F o r  t h e s e  e x p e r i m e n t s ,  154 degrees  o f  f reedom 
w e r e  s e l e c t e d  i n  t h e  d i r e c t i o n  t r a n s v e r s e  to  t h e  p l a n e  o f  t h e  h o u s i n g  p l a t e ,  
w i t h  t h e  r e f e r e n c e  p o i n t  b e i n g  a p p r o x i m a t e l y  nea r  t h e  c e n t e r  o f  t h e  t o p  p l a t e  
t o  a v o i d  noda l  p o i n t s  o f  i n t e r e s t .  N a t u r a l  f r e q u e n c i e s  and modes were e s t i -  
mated u s i n g  a c o m m e r c i a l l y  a v a i l a b l e  modal a n a l y s i s  p rogram.  Here ,  t h e  expo- 
n e n t i a l  method was used t o  e x t r a c t  modal pa ramete rs  and g e n e r a t e  a n a l y t i c a l  
f u n c t i o n s  f o r  t h e  t r a n s f e r  f u n c t i o n s ,  w h i l e  t h e  c i r c l e  f i t  method was used t o  
c o n s t r u c t  t h e  modal v e c t o r s .  
. 
2 
The FEM model p r e d i c t i o n s  were compared w i t h  EMA t e s t s  pe r fo rmed  on  t h e  
NASA e x p e r i m e n t a l  gearbox .  Tab le  I l i s t s  t h e  r e s u l t i n g  n a t u r a l  f r e q u e n c i e s  
and mode shapes.  A s  d e p i c t e d  i n  t h i s  t a b l e ,  FEM p r e d i c t i o n s  a r e  i n  good ag ree -  
ment w i t h  €MA.  The r e s u l t s  i n  t a b l e  I a l s o  sugges t  t h a t  t h e  g e a r s ,  s h a f t s ,  
and b e a r i n g s  p r e s e n t  i n  t h e  a c t u a l  h o u s i n g  have no  a p p r e c i a b l e  a f f e c t  on  t h e  
dynamics o f  t h e  hous ing ,  s i n c e  t h e  FEM modeled t h e  h o u s i n g  w i t h o u t  t h e s e  compo- 
n e n t s .  T h i s  may n o t  be t r u e  f o r  t h e  f l e x i b l y  mounted case ,  where t h e  added 
mass and s t i f f n e s s  o f  t h e  g e a r s ,  s h a f t s ,  and b e a r i n g s  c o u l d  r e s u l t  i n  an 
a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  r i g i d  body modes o f  t h e  a c t u a l  sys tem as com- 
p a r e d  t o  t h e  FEM p r e d i c t i o n s .  
mount case,  a r e  i l l u s t r a t e d  i n  f i g u r e s  5 and 6 .  I d e n t i f i c a t i o n  of a mode 
shape i s  based on  i t s  most dominant  f e a t u r e  due t o  i t s  c o m p l e x i t y .  For each 
mode, two s i m p l i f i e d  i l l u s t r a t i o n s  a r e  shown: ( 1 )  mode shape o f  t h e  t h r e e  v i s -  
i b l e  p l a t e s ,  and ( 2 )  mode shape o f  t h e  t h r e e  n o n v i s i b l e  p l a t e s  i n  an a p p r o x i -  
mate i somet r ic  v i e w .  F i g u r e  5 compares t h e  s i m p l i f i e d  mode shape t o  t h e  a c t u a l  
one f o r  t h e  t h i r d  mode. The f i rs t  mode i s  b a s i c a l l y  a f i r s t  t r a n s v e r s e  mode 
of t h e  t o p  h o u s i n g  p l a t e  w i t h  sma l l  a m p l i t u d e s  o f  v i b r a t i o n  a t  t h e  s i d e  
p l a t e s .  Second t o  f o u r t h  modes a r e  g i v e n  b y  d i f f e r e n t  c o m b i n a t i o n s  of f i rs t  
t r a n s v e r s e  h o u s i n g  p l a t e  modes. For example,  i n  t h e  second mode, t h e  s i d e  
p l a t e s  s u p p o r t i n g  t h e  b e a r i n g s  a r e  in-phase ( i . e . ,  b o t h  p l a t e s  a r e  mov ing  i n  
t h e  same d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  g l o b a l  c o o r d i n a t e s ) .  T h i r d  and f o u r t h  
modes a r e  g i v e n  by  ou t -o f -phase  t r a n s v e r s e  v i b r a t i o n  o f  t h e s e  s i d e  p l a t e s ,  b u t  
w i t h  d i f f e r e n t  c o m b i n a t i o n s  f o r  t h e  o t h e r  p l a t e s .  The f i f t h  mode c o n s t i t u t e s  
a second t r a n s v e r s e  p l a t e  mode a t  t h e  t o p  p l a t e  combined w i t h  f i r s t  and second 
t r a n s v e r s e  p l a t e  modes a t  t h e  s i d e  p l a t e s .  The h i g h e r  modes, n o t  shown h e r e ,  
a r e  a l s o  g i v e n  by  s i m i l a r  c o m b i n a t i o n s  o f  p l a t e  modes. 
e r  modes a r e  made on t h e  b a s i s  o f  modal d e n s i t y  f o r  o n e - t h i r d  o c t a v e  band cen- 
t e r  f r e q u e n c i e s  i n  t h e  500 t o  4000 Hz range ,  as shown i n  f i g u r e  7 ,  because of 
t h e  h i g h  number o f  p a r t i c i p a t i n g  modes obse rved .  The r e s u l t s  a g a i n  i n d i c a t e  
t h a t  FEM i s  i n  good agreement  w i t h  EMA. 
Mode shapes p r e d i c t e d  by  FEM, for  t h e  r i g i d  
Compar ison o f  t h e  h i g h -  
PARAMETRIC STUDIES 
E f f e c t s  O f  Mounts 
The FEM model was used t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  moun t ing  f l e x i b i l i t y  
on t h e  dynamics o f  t h e  gear  h o u s i n g  system. The r i g i d l y  mounted gear  h o u s i n g  
i s  obse rved  t o  possess o n l y  h o u s i n g  p l a t e  e l a s t i c  modes. On t h e  o t h e r  hand.  
FEM model o f  t h e  f l e x i b l y  mounted gear  h o u s i n g  i n d i c a t e s  t h a t  t h e  f i r s t  s i x  
n a t u r a l  modes a r e  t h e  t r a n s l a t i o n a l  and r o t a t i o n a l  r i g i d  body modes of t h e  
gear  h o u s i n g  as shown i n  f i g u r e  8. For example,  t h e  f i r s t  n a t u r a l  f requency  
a t  54  Hz co r responds  t o  t h e  gear  h o u s i n g  v i b r a t i o n  i n  t h e  Y - d i r e c t i o n  as 
shown. I n  a d d i t i o n ,  t h e  n a t u r a l  f r e q u e n c i e s  a r e  c o n s i d e r a b l y  lower, by  approx -  
i m a t e l y  one o r d e r  o f  m a g n i t i d e ,  as compared t o  t h o s e  o f  t h e  r i g i d l y  mounted 
gear  h o u s i n g .  These r i g i d  body v i b r a t i o n  modes r e s u l t  from t h e  complex e l a s t i c  
d e f o r m a t i o n  o f  t h e  f l e x i b l e  mount s k e l e t o n  and f u s e l a g e  s h e e t .  The h o u s i n g  
p l a t e  n a t u r a l  f r e q u e n c i e s  a r e  a l s o  l owered ,  e s p e c i a l l y  t h e  f i r s t  few, when t h e  
box i s  mounted f l e x i b l y .  F i g u r e  9 compares t h e  modal d e n s i t y  f o r  o n e - t h i r d  
o c t a v e  band c e n t e r  f r e q u e n c i e s  o f  t h e  f l e x i b l y  mounted gear  h o u s i n g  t o  t h a t  of 
t h e  r i g i d l y  mounted one.  The modal d e n s i t y  a t  f r e q u e n c i e s  above 1 kHz i s  seen 
to  be h i g h e r  for b o t h  c o n d i t i o n s .  F i g u r e  10 compares t h e  n a t u r a l  f r e q u e n c i e s  
of t h e  f 1 e x i : b l e  mount ,  r i g i d l y  mounted h o u s i n g ,  f l e x i b l y  mounted h o u s i n g ,  and 
t h e  g e a r - s h a f t  s y s t e m .  The modal d i s t r i b u t i o n  o f  t h e  g e a r  s h a f t  system i s  
seen t o  be s i g n i f i c a n t l y  l o w e r  t h a n  t h a t  o f  t h e  h o u s i n g  and mounts .  The 
n a t u r a l  f r e q u e n c i e s  o f  t h e  gear  s h a f t  sys tem were added i n  f i g u r e  10 t o  
compare t h e  modal d e n s i t i e s  o f  t h e  m a j o r  components o f  t h e  t e s t  gea rbox .  Here 
i t  i s  assumed t h a t  t h e  modes o f  t h e  gear  s h a f t  sys tem a r e  i ndependen t  o f  t h e  
h o u s i n g  p l a t e  modes; c o u p l i n g  i s s u e s  a r e  c u r r e n t l y  b e i n g  i n v e s t i g a t e d .  A s  
expec ted ,  t h e  n a t u r a l  f r e q u e n c i e s  o f  t h e  f l e x i b l e  mount a r e  l owered  when t h e  
h o u s i n g  i s  added t o  i t ,  as shown i n  f i g u r e  10. 
E f f e c t  O f  S t i f f e n e r s  
The i n t r o d u c t i o n  o f  h o u s i n g  p l a t e  s t i f f e n e r s ,  as shown i n  f i g u r e  4,  
do n o t  change t h e  n a t u r e  o f  t h e  mode shapes p r e d i c t i o n s .  
f r e q u e n c i e s  f o r  t h i s  case a r e  h i g h e r  as i l l u s t r a t e d  i n  f i g u r e  1 1 .  The l o w e r  
n a t u r a l  f r e q u e n c i e s  a r e  a f f e c t e d  more by  t h e  s t i f f e n e r s  t h a n  t h e  h i g h e r  f r e -  
q u e n c i e s .  
wh ich  reduce  t h e  modal d e n s i t y  f u r t h e r  i n  t h e  h i g h e r  f r e q u e n c y  bands.  
However, t h e  n a t u r a l  
Also, some o f  t h e  h i g h e r  modes a r e  suppressed b y  t h e  s t i f f e n e r s  
CONCLUSIONS 
Based on  t h e  a n a l y t i c a l  and e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y ,  
t h e  f o l l o w i n g  c o n c l u s i o n s  can be made: 
I 
( 1 )  The FEM model used a c c u r a t e l y  p r e d i c t e d  t h e  dynamic c h a r a c t e r i s t i c s  
1 o f  an e x p e r i m e n t a l  gea r  h o u s i n g ,  as v e r i f i e d  w i t h  modal a n a l y s i s  e x p e r i m e n t s  
on t h e  a c t u a l  hardware .  
( 2 )  The f l e x i b i l i t y  o f  t h e  gear  h o u s i n g  mount d i r e c t l y  i n f l u e n c e s  t h e  
I n  t h e  r i g i d l y  mounted t y p e  and f r e q u e n c i e s  o f  t h e  p r i m a r y  h o u s i n g  modes. 
case t h e  p r i m a r y  modes c o r r e s p o n d  t o  t h e  e l a s t i c  p l a t e  modes of t h e  h o u s i n g .  
I n  t h e  f l e x i b l y  mounted case t h e  p r i m a r y  modes o c c u r r e d  a t  f r e q u e n c i e s  l o w e r  
t h a n  t h e  r i g i d  mounted case,  w i t h  t h e  mode shapes c o r r e s p o n d i n g  t o  r i g i d  body 
modes of t h e  h o u s i n g .  
( 3 )  The a d d i t i o n  o f  h o u s i n g  p l a t e  s t i f f e n e r s  d i d  n o t  s i g n i f i c a n t l y  change 
t h e  n a t u r e  o f  t h e  mode shape p r e d i c t i o n s .  However, t h e  mode shapes of t h e  
h o u s i n g  w i t h  s t i f f e n e r s  o c c u r r e d  a t  h i g h e r  f r e q u e n c i e s  t h a n  t h e  c o r r e s p o n d i n g  
mode shapes o f  t h e  h o u s i n g  w i t h o u t  s t i f f e n e r s .  
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FIGURE 5. - THIRD MODE SHAPE OF THE RIGIDLY MOUNTED GEARBOX. 
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